We showed previously that DJ-1 loss sensitizes neurons in models of PD and stroke. However, the biochemical mechanisms underlying this protective role are not completely clear. Here, we identify Von Hippel Lindau (VHL) protein as a critical DJ-1-interacting protein. We provide evidence that DJ-1 negatively regulates VHL ubiquitination activity of the ␣-subunit of hypoxia-inducible factor-1 (HIF-1␣) by inhibiting HIF-VHL interaction. Consistent with this observation, DJ-1 deficiency leads to lowered HIF-1␣ levels in models of both hypoxia and oxidative stress, two stresses known to stabilize HIF-1␣. We also demonstrate that HIF-1␣ accumulation rescues DJ-1-deficient neurons against 1-methyl-4-phenylpyridinium-induced toxicity. Interestingly, lymphoblast cells extracted from DJ-1-related PD patients show impaired HIF-1␣ stabilization when compared with normal individuals, indicating that the DJ-1-VHL link may also be relevant to a human context. Together, our findings delineate a model by which DJ-1 mediates neuronal survival by regulation of the VHL-HIF-1␣ pathway.
Introduction
Parkinson's disease (PD) is a neurodegenerative disorder, pathologically characterized by progressive loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNc). While most cases are sporadic, 5-10% of the cases are familial and monogenic. Loss of DJ-1 leads to an early-onset form of PD . We have previously shown that DA neurons in DJ-1-deficient mice exhibit hypersensitivity to oxidative stress induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), H 2 O 2 , and 1-methyl-4-phenylpyridinium (MPP ϩ ), the active metabolite of MPTP (Kim et al., 2005) . We and others have also shown that reactive oxygen species (ROS) is increased in cells/mice lacking DJ-1 (Taira et al., 2004; Aleyasin et al., 2007) . In line with this observation, numerous studies demonstrated that DJ-1 is neuroprotective under oxidative conditions (Aleyasin et al., , 2010 Lee et al., 2009) . The mechanisms through which DJ-1 exerts its antioxidantneuroprotective role are largely unclear.
To identify potential DJ-1-interacting proteins, we performed an unbiased mass spectrometry screen, which indicated Von Hippel Lindau (VHL) protein as a potential interacting partner. VHL is primarily a tumor-suppressor protein (Lonser et al., 2003) and its best-known biochemical role is as an E3 ubiquitinligase complex (Lonergan et al., 1998) . One of the best-defined substrates of VHL is the ␣-subunit of hypoxia-inducible factor-1 (HIF-1␣), a transcription factor important in the hypoxic response (Kamura et al., 2000; Tanimoto et al., 2000) . Under normal levels of oxygen or ROS, HIF-1␣ is hydroxylated by prolyl-hydroxylase proteins (PHDs; Berra et al., 2003) , ubiquitinated by VHL protein, and finally degraded by the proteasome. Hypoxia or increased levels of ROS, however, inhibit PHD, which in turn inhibits VHL-mediated degradation of HIF-1␣ and induces transcription of genes involved in cellular adaptation to hypoxic and oxidative stress condition, such as vascular endothelial growth factor (VEGF ) and erythropoietin (EPO). Interestingly, HIF-1␣ expression and its downstream targets are downregulated in the SNc of PD brains (Elstner et al., 2011) . Conversely, increase of HIF-1␣ and/or its targets are protective in several models of PD (Genc et al., 2002; Lee et al., 2009) . HIF-1␣ also upregulates tyrosine hydroxylase and increases dopamine release in PC12 cells and rat ventral mesencephalic cells (Johansen et al., 2010) . Given these links of HIF-1␣ to PD and our observations that VHL could potentially interact with DJ-1, we explored whether DJ-1 could regulate the VHL-HIF pathway. Presently, we provide evidence to support a model by which DJ-1 regulates the ability of VHL to interact with and ubiquitinate HIF-1␣ with consequences to neuronal survival in vitro.
Materials and Methods

Immunoprecipitation and Western blot analyses.
SH-SY5Y cells were lysed in lysis buffer (50 mM Tris HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.2% NP-40, and protease inhibitor). Endogenous VHL was pulled down by VHL antibody (BD Biosciences) and mouse IgG-conjugated beads (Trueblot system, eBiosciences) and analyzed by Western blot using VHL (BD Biosciences) and DJ-1 (Abcam) antibodies. In addition, SH-SY5Y cells were infected with adenovirus expressing FLAG-VHL-GFP and exposed to 25 M H 2 O 2 for 24 h, then lysed in lysis buffer. The lysate (cleared of cell debris) was incubated with FLAG antibody overnight. Protein-antibody complexes were pulled down by mouse IgGconjugated beads (eBiosciences) and analyzed by Western blot using VHL and DJ-1 antibodies. Western blot analyses of cortical neurons, mouse embryonic fibroblasts (MEFs), or human lymphoblasts were performed as previously described , using antibodies for HIF-1␣ (Cayman Chemical), VHL (BD Biosciences), DJ-1 (Abcam), ␤-actin (Sigma-Aldrich), ubiquitin (Abcam), and GST (Santa Cruz Biotechnology).
Semiquantitative and quantitative reverse-transcription PCR. Cortical neurons from primary cultures were harvested in Trizol and their total RNA was extracted based on Invitrogen protocols and 60 ng of extracted RNA was used for each reaction. Reactions were performed using SYBR Green for quantitative reverse-transcription PCR (qRT-PCR) and SuperScript One-Step RT-PCR kit with Platinum Taq (Invitrogen) for semiquantitative RT-PCR. The programs designed for qRT-PCR included cDNA synthesis, 48°C for 30 min; initial denaturation, 95°C for 10 min; amplification of HIF-1␣ and GAPDH, 40 cycles of 95°C for 15 s, 61.5°C (HIF-1␣) or 57°C (for GAPDH ) for 30 s, and 72°C for 30 s. The primers used for amplification of HIF-1␣ were 5Ј-ccgggggaggacgatgaaca-3Ј and 5Ј-tgaatatggcccgtgcagtgaagc-3Ј, and for amplification of GAPDH were 5Ј-ggtgaaggtcggtgtgaacg-3Ј and 5Ј-ctcgctcctggaagatggtc-3Ј. The programs designed for RT-PCR were as follows: cDNA synthesis, 48°C for 45 min; initial denaturation, 94°C for 2 min; amplification of the target genes, 28 (HIF-1␣ and VEGF ) or 26 (S12) cycles of 94°C for 30 s, 59°C (HIF-1␣) or 60°C (VEGF and S12) for 30 s, and 72°C for 1 min. Primers used for amplification of the target genes were as follows: HIF-1␣, 5Ј-ctaacaagccgggggaggac-3Ј and 5Ј-tgtggctgggagttcttcgtatta-3Ј to generate a 476 bp product; VEGF, 5Ј-gacttgtgttgggaggagga-3Ј and 5Ј-cgtgtttctggaagtgagca-3Ј to produce a 161 bp product; S12, 5Ј-ggaaggcatagctgctgg-3Ј and 5Ј-cctcgatgacatccttgg-3Ј. After resolving the RT-PCR products on a 1.5% agarose-ethidium bromide gel, the signal density of the obtained bands were analyzed by densitometry. The signal density of the target bands were normalized against those of S12 and then control values (untreated control for each experiment) and were reported as fold increase in signal density of the target gene in reference to untreated control from the same experiment. Data are presented as mean Ϯ SEM (n ϭ 3).
In vitro and in vivo ubiquitination assay. To assess VHL ubiquitination activity, in vitro ubiquitination assay was performed as previously described (Kamura et al., 2000) , with minor modifications. Briefly, Ϸ5 g aliquots of purified FLAG-VHL-GFP complex (purified as described above) were incubated with Ϸ0.3 g of Uba1, Ϸ0.6 g of hUbc5a, Ϸ50 g of ubiquitin, Ϸ0.5 g of GST-HIF-1␣, and Ϸ0.5 g of purified His-DJ-1 in 40 l of reaction buffer (40 mM HEPES-NaOH, pH 7.9, 60 mM potassium acetate, 2 mM DTT, 5 mM MgCl 2 , 0.5 mM EDTA, pH 7.9, 10% glycerol, and 2 mM ATP) at 30°C for 2 h. GST-HIF-1␣ was immunoprecipitated from the reaction mixture by glutathione Sepharose and equal amounts of protein complexes were subjected to SDS-PAGE analysis. To assess its ubiquitination and VHL-interaction level, the Western blot membrane was probed with ubiquitin and VHL antibody respectively.
For in vivo ubiquitination assay, wild-type or DJ-1-null fibroblasts (MEFs) were treated with 20 M MG-132 plus hypoxia (1% oxygen) or MG-132 alone as control for 1 h, and extracted proteins were analyzed by Western blot analysis, using HIF-1␣ antibody. The amount of reduction of ubiquitinated HIF-1␣ in response to hypoxia is considered as a measure of VHL activity.
Hypoxia, MPP ϩ treatment, and survival assessment. Cortical neurons were obtained from wild-type (WT) or DJ-1-null embryos of either sex as described previously (Kim et al., 2005; . Seventy-two hours after plating cortical neurons, half of their media was removed and the dishes, with no lid on, were transferred to hypoxia chamber (1% O 2 ). For survival experiments, 48 h after plating, cortical neurons were treated with 0.1 mM DMOG for 2 h. Cells were then incubated with 20 M MPP ϩ for 48 h Huang et al., 2010) and lysed in lysis buffer (10ϫ PBS, 10% Triton X-100, 1 M MgCl 2 , and 5% cetyldimethylethylammonium bromide) and their survival was assessed by counting morphologically intact nuclei (Galehdar et al., 2010) . For survival assay involving adenoviral infection (SHIF-1␣ adenovirus), cells were infected with SHIF-1␣ or GFP-expressing adenovirus. After 48 h, cultures were treated with 20 M MPP ϩ for 48 h and fixed with 4% paraformaldehyde. Then nuclei were stained with Hoechst 33258 (0.25 g/ml) to assess nuclear morphology. The survival percentage represents the ratio of GFPexpressing cells with morphologically intact nucleus to the total number of GFP-expressing neurons . To assess cell survival using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) methodology, cortical neurons plated for 48 h were treated with 0.1 mM dimethyloxallyl glycine (DMOG) or DMSO for 2 h. Cells were then incubated with 20 M MPP ϩ for 48 h. Ten microliters of 12 mM MTT was added to 100 l of media in each well and incubated at 37°C for 4 h. The media was discarded and cells were exposed to 100 l of MTT solvent for 15 min. Cell viability was then assessed by measuring absorbance at 570 nm. The survival percentage was calculated as the ratio of absorbance of all wells versus DMSO-treated wells from the same embryo, multiplied by 100.
Lymphoblasts. Lymphoblasts, obtained from healthy individuals or patients with L166P mutation or deletion of exons 1-5, were cultured in RPMI 1640 medium supplemented with 10% FCS and incubated at 37°C, 5% CO 2 (Macedo et al., 2003) . They were treated as described in the figure legends.
Statistical analysis. Statistically significant differences were determined with ANOVA and post hoc Tukey's test or Student's t test (when the comparison was between two groups) on results obtained from three independent experiments. Data were shown as mean Ϯ SEM, and significance was denoted by one asterisk where p Ͻ 0.05, two asterisks where p Ͻ 0.01, and three asterisks where p Ͻ 0.001.
Results
Identification of VHL as a DJ-1-interacting protein
To identify upstream regulators or downstream effectors for DJ-1 that might be involved in the intracellular signaling pathways in disease models, we searched for cellular proteins that are associated with DJ-1 using a mass spectrometric strategy. This screen Figure 1 . DJ-1 interacts with VHL. A, SH-SY5Y cells were lysed and endogenous VHL was immunoprecipitated with VHL antibody and analyzed by Western blot using DJ-1 antibody. B, SH-SY5Y cells expressing FLAG-VHL-GFP (F-VHL-G) were treated with 25 M H 2 O 2 , then lysed. FLAG-VHL-GFP was immunoprecipitated with FLAG antibody and subjected to SDS-PAGE analysis using DJ-1 antibody. F, FLAG antibody; I, IgG control. were incubated in normal condition or in hypoxia (1% oxygen) for 180 min (neurons) or 40 min (MEFs). C, Cortical neurons were treated with 15 M H 2 O 2 for 2 h. D, WT and DJ-1 KO MEFs were also exposed to 0 or 25 M H 2 O 2 for 24 h. Cells were lysed and HIF-1␣ protein level was assessed with Western blot using HIF-1␣ antibody. Densitometry analysis of HIF-1␣ protein for each experiment is demonstrated in the right side of each panel. Data are the mean Ϯ SEM from three independent experiments. *p Ͻ 0.05; **p Ͻ 0.01, ANOVA with Tukey's post-test. E, Lymphoblasts extracted from two PD cases, one with a deletion in DJ-1 (Del) and one with a point mutation in DJ-1 (L166P), or from control (Ctr) individual were exposed to 50 M hydrogen peroxide for 24 h and their HIF-1␣ response was examined with Western blot analysis using HIF-1␣ antibody.
was previously described in detail (Ewing et al., 2007) . Briefly, 407 proteins were selected as baits, based on their reported functions in several pathologic conditions, such as diabetes, cancer, and obesity. These proteins were purified from human cell lysate, and their coprecipitated proteins were identified using mass spectrometry. VHL was one of the baits and analysis of the dataset suggested DJ-1 as one of its interacting candidates with the interaction confidence score of 0.31.
We confirmed the physical interaction of DJ-1 and VHL proteins in SH-SY5Y cells by immunoprecipitating VHL using VHL antibody and mouse IgG-conjugated beads and probing for endogenous DJ-1 (Fig. 1A) . We observed that endogenous DJ-1 was In vitro VHL ubiquitination assay was performed by incubating GST-HIF-1␣ protein with the components of its ubiquitination pathway, including hUBA1, hUBC5A, and VHL complex, in presence or absence of DJ-1 protein, at 30°C for 2 h. Groups without VHL or ubiquitin were used as controls. After reaction, GST-HIF-1␣ (G-HIF-1␣) was precipitated from the assay mixture with glutathione Sepharose beads, and its ubiquitination level and ability to interact with VHL were assessed by Western blot analysis using ubiquitin and VHL antibodies respectively. Total content of VHL and GST-HIF-1␣ in each reaction, before starting ubiquitination, is shown as input. Densitometry analysis of ubiquitination and VHL-HIF-1␣ interaction is shown in the middle and right panels. C, D, In vivo ubiquitination of HIF-1␣ was assessed by stabilizing ubiquitinated HIF-1␣ (Ubq-HIF-1␣) in WT or DJ-1 KO MEFs treated with MG-132 (20 M for 1 h) and exposed to hypoxia (1 h). HIF-1␣ levels were assessed by Western blot analysis using HIF-1␣ antibody. Quantification of Ubq-HIF-1␣ was performed by normalizing the signal density of Ubq-HIF-1␣ from hypoxia plus MG-132 of each genotype to that of MG-132 of the same genotype, and then to the signal density of WT in MG-132-plus-hypoxia group. E, F, Primary cortical neurons derived from DJ-1 KO or WT mouse embryos were pretreated with DMOG for 2 h and then treated with (Figure legend continues.) coimmunoprecipitated with endogenous VHL. In addition, to examine the potential effects of oxidative stress on this interaction, we treated FLAG-VHL-GFP-expressing SH-SY5Y cells with 25 M H 2 O 2 , immunoprecipitated FLAG-VHL-GFP by FLAG antibody, and analyzed the immune complexes by Western blot. Interestingly, our results show an increase in interaction affinity between VHL and DJ-1 in response to oxidative stress (Fig. 1B) .
DJ-1 regulates HIF-1␣ stability
To explore the functional consequences of this interaction, we initially explored whether VHL may regulate DJ-1 protein levels. Utilizing WT, VHL-overexpressing, or VHL-deficient renal cell carcinoma (RCC) cells, we initially demonstrated that DJ-1 levels were not affected by modulation of VHL (data not shown). Accordingly, we next examined the converse: the potential regulatory role of DJ-1 on VHL activity. It is well established that VHL increases the proteolysis of HIF-1␣ through a ubiquitinationdependent process (Maxwell et al., 1999; Kamura et al., 2000) . Thus, we examined HIF-1␣ levels, as an indicator of VHL activity, in response to hypoxia and oxidative stress in DJ-1-deficient murine neurons and MEFs. WT and knock-out (KO) cells were incubated under hypoxic (1% oxygen) or normoxic conditions. As Figure 2A shows, HIF-1␣ levels are decreased in hypoxiatreated DJ-1 KO cortical neurons compared with WT controls. Similar results were also observed using MEFs (Fig. 2B) . WT and DJ-1 KO cells were also exposed to H 2 O 2 , and assessed for HIF-1␣ protein levels. These results also show that DJ-1 modulates HIF-1␣ stability in response to oxidative stress (Fig. 2C,D) .
HIF-1␣ response is VHL dependent and controlled at posttranslational level
The difference observed with the HIF-1␣ response in DJ-1 WT and DJ-1 KO cells could be VHL independent and controlled at the transcriptional level. To address this, we first assessed the HIF-1␣ mRNA levels, using RT-PCR analysis, following oxidative or hypoxic conditions in DJ-1 WT and KO cortical neurons. As Figure 3 A, B shows, there is no change in HIF-1␣ mRNA levels in either DJ-1 WT or KO neurons in response to hypoxia or oxidative stress. These results were also confirmed with real-time qRT-PCR analyses (Fig. 3C) .
We further explored the role of DJ-1 on HIF-1␣-regulated gene expression by assessing whether the downstream HIF-1 target gene, VEGF, is altered with DJ-1 deficiency. Consistent with lower HIF-1␣ levels, the induction of VEGF mRNA was reduced with DJ-1 loss (Fig. 3 A, B) .
If differences in HIF-1␣ protein levels with DJ-1 deficiency are VHL dependent, we would anticipate that inhibition of prolyl hydroxyase activity would bypass VHL-dependent regulation of HIF-1␣. HIF-1␣ levels, then, should be similar in both DJ-1 WT and KO cells. We tested this, using the prolyl hydroxylase inhibitor DMOG. Following this treatment, we could detect no gross difference in total HIF-1␣ content between DJ-1 WT and KO neurons (Fig. 3D) . Together, these results suggest that differences observed in the HIF-1␣ levels in the presence or absence of DJ-1 is likely through regulation of the VHL/PHD-related pathways.
DJ-1 negatively regulates VHL ubiquitin ligase activity
We next asked whether DJ-1 may directly regulate VHLmediated ubiquitination activity. To investigate this possibility, we performed a VHL in vitro ubiquitination assay in the presence or absence of DJ-1. To isolate active VHL complex, RCC cells were infected with adenovirus expressing FLAG-VHL-GFP and then VHL was immunoprecipitated using FLAG antibody. Recombinant hUBA1 and hUBC5a served as ubiquitin-activating enzyme E1 and ubiquitin-conjugating enzyme E2, respectively. Finally, bacterially expressed recombinant human HIF-1␣ (GST-HIF-1␣), hydroxylated by VHL-deficient RCC cell (786-0) lysate, was used as substrate. All the above proteins were incubated with ubiquitin and ATP (Kamura et al., 2000) in presence or absence of bacterially expressed human DJ-1 for 2 h. GST-HIF-1␣ was then precipitated with glutathione Sepharose beads and analyzed by Western blotting with ubiquitin and VHL antibodies. As shown in Figure 4 A, B, the presence of DJ-1 decreases the level of HIF-1␣ ubiquitination. In addition, our data indicate that the presence of DJ-1 is associated with a weaker VHL-HIF-1␣ interaction, consistent with the model that DJ-1 leads to reduced HIF-1␣ ubiquitination. To further investigate these findings in vivo, ubiquitinated HIF-1␣ (Ubq-HIF-1␣) was stabilized by proteasome inhibitor MG-132 in oxygen-deprived MEFs. The amount of Ubq-HIF-1␣ was assessed by Western blot analysis. As shown in Figure 4C ,D and in line with our in vitro results, the levels of Ubq-HIF-1␣ are reduced in WT cells compared with DJ-1 KO lines. Together, these results suggest that DJ-1 reduces HIF-1␣ ubiquitination by reducing interaction with VHL.
HIF-1 rescues DJ-1-deficient neurons in an in vitro model of PD DJ-1-deficient neurons have been reported to be hypersensitive to oxidative stress induced by several agents, including MPP ϩ (Kim et al., 2005) . If HIF-1␣ is a downstream target of DJ-1 in this death paradigm, we predicted that HIF-1␣ stabilization could rescue DJ-1 deficiency-mediated hypersensitivity to MPP ϩ . We used cortical neurons since our biochemical studies above were performed in this system. MPP ϩ can induce death in a number of nondopaminergic neuron types, including cortical and cerebellar granule neurons Endo et al., 2009; Huang et al., 2010; Harbison et al., 2011; Wellejus et al., 2012; Sheline et al., 2013) . We first tested our hypothesis using DMOG to induce HIF-1␣ stabilization. Cultured DJ-1 WT or KO cortical neurons were pretreated with DMOG, treated with MPP ϩ (20 M) for 48 h, and lysed. Then the morphologically intact nuclei were counted. As Figure 4E shows, DMOG rescues DJ-1-deficient neurons against MPP ϩ . These results were also confirmed by MTT cell viability assay (Fig. 4F ) . We also investigated the protective effect of SHIF-1␣ expression. SHIF-1␣ contains point mutations that substitute alanine for proline residues in the oxygendegradable domain (P402A/P564A) leading to resistance to hydroxylation by PHD . As demonstrated in Figure 4G , adenoviral-mediated expression of GFP-SHIF-1␣ also rescues DJ-1 KO neurons against oxidative stress induced by MPP ϩ . Figure 4H demonstrates the cellular expression of GFP-SHIF-1␣ in cultured cortical neurons. The ability of our viral vector to generate recombinant HIF-1␣ protein was confirmed by Western blot analyses (Fig. 4H, right) .
HIF-1␣ stabilization in response to oxidative stress is reduced in DJ-1-mutated PD patients
To better relate our findings to human PD condition, we determined whether HIF-1␣ protein levels differed in lymphoblasts cultured from DJ-1-related PD cases (Irrcher et al., 2010) . The PD patients included two individuals with different mutations in DJ-1: one from an Italian family with a point mutation, replacing leucine 166 with proline (L166P); and the other from a Dutch family with a deletion mutation from exon 1 to 5 . We have previously reported that these lymphoblasts exhibit elevated mitochondrial fragmentation and disturbed autophagic markers when compared with unaffected individuals (Irrcher et al., 2010) . To evaluate the potential effect of DJ-1 on HIF-1␣ stabilization, lymphoblasts were treated with 50 M H 2 O 2 or vehicle as control for 24 h and then the HIF-1␣ accumulation was assessed by Western blot. As Figure 2E shows, oxidative stress-induced HIF-1␣ accumulation is significantly diminished in DJ-1-linked PD lymphoblast samples compared with control individual (Fig. 2E) . These results confirm that the defective stress response of HIF-1␣ observed in DJ-1 WT and KO cells also occurs in DJ-1-associated PD cases.
Discussion
DJ-1 has been reported as a neuroprotective protein under oxidative and hypoxic conditions (Kim et al., 2005; Aleyasin et al., 2007 Aleyasin et al., , 2010 . The mechanisms through which DJ-1 manages oxidative damage are unclear. In a proteomic screen via a mass spectrometry analysis, we identified VHL protein as a DJ-1 interactor. The interaction of DJ-1 and VHL was further confirmed in immunoprecipitation studies. In conjunction with previous reports indicating a protective role of both DJ-1 and the VHL target protein HIF-1␣, we hypothesized that DJ-1 protects neurons against oxidative damage via inhibition of VHL-ubiquitination activity. Our present observations support this hypothesis. First, HIF-1␣ levels in rodent cells (MEFs and neurons) under oxidative and/or hypoxic conditions are lower with DJ-1 deficiency. This is not due to difference in transcription of HIF-1␣. Second, in a direct assay of VHL ubiquitination activity using isolated components, we show that DJ-1 reduces ubiquitination of HIF-1␣. Third, stabilization of HIF-1␣ both protects wild-type neurons and reverses the sensitivity to MPP ϩ -induced neuronal death observed with DJ-1 deficiency. Finally, we demonstrate that our observations in rodent cells also have relevance to human cells extracted from DJ-1-related PD patients, where HIF-1␣ response to oxidative stress is less than that of control samples. In this case, even basal levels of HIF-1␣ appeared reduced in DJ-1 patient lymphoblasts, an observation not consistently observed in MEFs and murine neurons. This discrepancy may be due to the fact that basal HIF-1␣ levels were significantly elevated in lymphoblasts compared with mouse cell types examined. Together, our results support a model by which regulation of VHL activity by DJ-1 mediates its survival properties.
The significance of our results is supported by the notion that the VHL and HIF-1␣ have been implicated in a number of degenerative models. For example HIF-1␣ signaling has been shown to be downregulated in SNc of PD cases (Elstner et al., 2011) . Given the notion that DJ-1 deficiency sensitizes to neuronal damage in both toxin and stroke models of injury, our results link these observations by providing a mechanism through which DJ-1 regulates the VHL-HIF pathway to promote survival. However, it is important to note that DJ-1 may also have effects that are independent of HIF-1␣.
Interestingly, DJ-1 has been reported to interact with a number of E3 ligases, such as Parkin, PIASx␣, TOPORS (topoisomerase 1 binding, arginine/serine-rich, E3 ubiquitin ligase), and TRAF6 (Takahashi et al., 2001; Shinbo et al., 2006; Xiong et al., 2009; Zucchelli et al., 2010) . This suggests a common theme of action for DJ-1, although the functional significance of these interactions has never been clarified. It is therefore significant that we demonstrate the functional outcome of such interaction in the case of VHL. We suggest that regulation of VHL is directly through interaction with DJ-1 and interruption with VHL-HIF interaction. How this exactly occurs remains to be identified.
